Abstract-The calorimeter for the LHCb experiment at the Large Hadron Collider (LHC) is fully installed, integrated in the experiment, and precalibrated, its commissioning being completed. Calorimeter performance from the test beam studies, radioactive source and cosmic ray measurements, and the first experience with the LHC particles are reported. The extensive radiation resistance studies are translated in the expected calorimeter degradation in view of the LHCb experiment operation and its foreseen upgrade.
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HCb is an experiment dedicated to study of rare phenomena in and decays in order to precisely constrain the Standard Model parameters and search for signatures beyond [1] . The and hadrons are produced from the collisions of the Large Hadron Collider (LHC) beams with TeV. The experiment will run at a reduced LHC luminosity of 2 10 cm s , tunable by defocusing beams, with 10 pairs and 6 10 pairs annually produced. The LHCb detector ( Fig. 1 ) is a single-arm forward spectrometer, providing efficient charged particle tracking and neutral particle reconstruction, precise vertex measurement, particle identification, and robust trigger [2] .
The LHCb calorimeter is responsible for the offline photon measurement and particle identification and is a key ingredient of the LHCb trigger.
The LHCb calorimeter system [2] , [3] is located between 12.3 and 15.0 m from the beam crossing area and comprises three calorimeters, preshower (PS), electromagnetic (ECAL), and hadronic (HCAL), and one threshold scintillator pad detector (SPD), all arranged in the pseudoprojective geometry. All four detectors follow the common principle of measuring shower energy from the light in the scintillator tiles transported to the photomultipliers by the wavelength shifting (WLS) fibers.
For all detectors, scintillator tiles are produced from polystyrene as a basic component with primary and secondary WLS dopants paraterphenyl (PTP) and POPOP. With the individual optimal percentage for each detector, 1.75% to 2.5% of PTP and 0.01% to 0.05% of POPOP is admixed. The Kuraray WLS fibers were used for all detectors, a 1 mm diameter Y(11)250MS70 for The ECAL and HCAL use Hamamatsu R7899-20 phototubes to read out the light from the WLS fibers, while SPD and PS employ the 64-channel R5900-M64 phototubes (MAPMT), both from Hamamatsu, with the high voltage always provided by a Cockcroft-Walton base. The photodetectors are screened with MuMetal shielding from the remaining magnetic field.
The calorimeter outer dimensions match projectively those of the tracking system mrad, mrad. The inner acceptance is restricted to mrad around the beam pipe. 1 The sensitive area of each calorimeter detector thus covers a surface of about 50 m . The hit density is a steep function of the distance from the beam pipe and varies over the active calorimeter surface by two orders of magnitude. Each detector is therefore subdivided into three sections with cell size of approximately 4 4 cm , 6 6 cm and 12 12 cm . However, given the hadronic shower dimensions, the HCAL is segmented only into two zones with cell sizes a factor of two higher with respect to the values imposed by projectivity.
The two halves of each calorimeter detector can be retracted separately and independently of other detectors to the left and right side of the beam to ensure service and maintenance.
One of the main tasks of the calorimeter is to ensure the hardware implemented part of the high-, , , and LHCb trigger alleys [4] . The collisions occur every 25 ns, so that the detector response should be collected and readout within this time. This timing constraint is met by use of the fast scintillating materials, and spillover cancellation at the front-end electronics level with the signal clipping and subtraction of delayed signal for ECAL and HCAL, and with two alternating integrators for SPD and PS [2] .
The SPD/PS detector consists of a 15 mm (2.5 ) thick lead converter sandwiched between two identical planes of 6016 high-granularity scintillator pads, each read out by the WLS fibers that are coupled to the 64-channel MAPMT via clear plastic fibers. A basic SPD/PS detector unit is a 15-mm-thick scintillator tile with 3.5 loops of WLS fiber coiled and glued in a milled ring groove of the tile. Each tile is then wrapped with a 0.15 mm TYVEK paper and grouped into module units (Fig. 2) .
The PS-based and SPD-based separation was studied with the test beam. With a threshold of 4 MIPs, pion rejection of 99.6%, 99.6%, and 99.7% with electron retention of 91%, 92%, and 97% was achieved for 10, 20, and 50 GeV/c particle momentum, respectively. Three major processes can cause misidentification: photon conversion in the material before SPD, 1 The ECAL acceptance is in addition limited by > 25 mrad around the beam pipe due to the substantial radiation dose level.
0018-9499/$26.00 © 2010 IEEE interactions producing charged particles in the SPD itself, and charged backsplash particles generated in the lead absorber or in the ECAL. For a threshold of 0.7 MIP, misidentification probability is (0.8 0.3)% due to interactions in the SPD scintillator, and (0.9 0.6)% and (1.4 0.6)% due to backsplash for 20 and 50 GeV photons, respectively. The above numbers are in good agreement with the Monte Carlo simulation [5] studies.
The detector has been precalibrated in horizontal position using cosmic particles. The average number of photoelectrons per MIP was measured to be 21 to 28 p.e./MIP depending on the cell size. Each cell receives individual light-emitting diode (LED) monitoring to follow detector stability and identify dead channels. In addition, a 5 Hz online event reconstruction will provide monitoring with particles.
ECAL and HCAL are sampling calorimeters and follow the Shashlyk and Tilecal technology correspondingly.
The ECAL employs Shashlyk technology and comprises 6016 readout cells. Module stack is built from alternating layers of 2-mm-thick lead, white reflecting 120-m-thick TYVEK paper, and 4-mm-thick scintillator tiles (Fig. 3) . In depth, the 66 Pb and scintillator layers form a 42 cm stack corresponding to 25 or 1.1 . The Moliere radius of the stack is 3.5 cm. The stack is wrapped with black paper to ensure light tightness, pressed and fixed from the sides by the welding of 100 m steel foil.
The scintillator tile production employed the high-pressure injection-molding technique. Tile edges were chemically treated, thus providing diffusive reflection in order to improve light collection efficiency and lateral uniformity and prevent tile-to-tile light crosstalk. This way, not only the tile edge inefficiency but also the effect of dead material between the modules has been corrected, so that lateral nonuniformity does not dominate the constant term of energy resolution.
The Pb plates are produced using sheet-metal stamping.
The light from the scintillator tiles is reemitted and transported by WLS Y-11(250)MSJ fibers penetrating the entire module. In addition, clear fiber penetrates the center of each ECAL cell to deliver the LED light from the distribution system on the front side of ECAL to the PMT for monitoring of the readout chain. The fibers belonging to each calorimeter cell are bundled at the end of the module and polished. In order to improve light collection efficiency and lateral uniformity of response, the fibers form loops [ Fig. 3(b) ] at the front side of the module. Fiber bending under uniformly distributed dry heat made it possible to produce fiber loops with radii as small as 10 mm, where the light loss is driven mainly by the geometrical optics reflection down the loop. Fiber density in the ECAL cell varies from 1 cm for inner and middle type cells to 0.4 cm for the outer type cell, where fiber density was reduced in order to obtain smaller fiber bundle size and thus reasonable requirements for the photocathode uniformity, and better lateral uniformity of response.
Owing mainly to the tile edge treatment, response of the outer cell varies within only 1.3% over the module surface [ Fig. 4(a) ]. For realistic incident angles (bigger than 200 mrad), the response varies by less than 0.6% over the module surface. For the inner and middle type cells, fiber type nonuniformity is smaller due to higher fiber density. Results on the lateral variation of response are well described by the Monte Carlo simulation for both and lateral scans [6] . The average light yield was measured to be between 2600 and 3500 p.e./GeV, depending on the cell size. The energy resolution of the ECAL cells [ Fig. 4(b) ] was measured at the test beam to be , well within the design energy resolution of , where is always measured in GeV. It provides separation of better than 100 and results in a mass resolution of 65 MeV/c for the penguin decay with a highphoton and of 75 MeV/c for decay where the reconstruction is important. All the ECAL cells have been precalibrated with the cosmic particles before the installation in the LHCb detector. For that, the modules have been positioned vertically with the trigger counters above and below the modules set, and the veto for neighbor cells was used to select vertical tracks. In order to be sensitive for MIPs, higher PMT gains were set. The cell-to-cell variations were found to be 8% for the inner, 5% for the middle, and 7% for the outer type modules, whereas the measurement error was estimated to be around 3%.
For further in situ calibration, fluctuations of the signal from LED are used to preliminarily adjust the gain of the readout part (PMT, amplifier, and analog-to-digital converter) to better than 10%. Following calibration procedure starts from the conservative value of the cell-to-cell spread of 10%. The energy flow method will then provide improvement to about 5% with possible 1-2% remaining bias and will be repeated every six months after shutdowns. Calibration methods relying on the and reconstruction will further decrease the miscalibration to the level of 1% and will be repeated every few days or weeks. Simulation studies show the background under the peak to be well described using the symmetric with respect to the beam axis calorimeter cells from the same events. Lastly, the LED system will be used to follow eventual gain variations.
The HCAL is an iron-scintillator tile calorimeter, 5.6 deep, comprising 1488 readout cells. The scintillator tiles are positioned parallel to the beam axis (Fig. 5) . Light from the tiles is then transferred by the WLS fibers passing along the tile edges to the PMT at the rear side of the HCAL. The Al mirror on the fiber front edge serves to increase the light yield and to partly compensate light attenuation in the fiber. Further compensation of light attenuation is achieved by the adjusted fiber-tile contact length depending on the distance to PMT.
Measured energy resolution of with measured in GeV, fully meets the essentially trigger requirements to the HCAL performance. The light yield of 105 p.e./GeV requires, compared to ECAL, higher gain settings for the PMT. About 3% angular dependence of the response at higher energies is explained by not full shower containment in the instrumented depth of 5.6 .
The in situ calibration is achieved using the dedicated Cs source. The Cs source can be precisely positioned inside the steel tube penetrating the center of each tile using the remotely controlled water pumping system. All cells have been measured this way before the HCAL installation in the LHCb experiment. In addition, selected cells have been cross-calibrated at the test beam. The Cs source scan showed the tiles belonging to the same HCAL readout cells to have light yield root mean square (rms) below 5%. This measurement also yielded a by-product verification of the light attenuation correction technique described above. The Cs source measurements of the tile amplitude variations showed the minimum-to-maximum difference of less than 4% of the average over the two months time for 99% of the cells, proving the system to be very stable. For the remaining 1% of the cells, corrections using the LED system are required.
The requirement to have the same physics scale over the calorimeter surface assumes the PMT gain to follow the GeV distribution. PMT high voltage settings adjusted to ensure this so-called physics gain distribution cause PMT transit time spread. The resulting gain dependence over the calorimeter surface is illustrated by the HCAL current distribution from the Cs source scan of each scintillator tile (Fig. 6) . Channel-to-channel time spread of minimum-to-maximum difference of 4 ns and rms of 0.7 ns is, however, dominated by time-of-flight variations. The calorimeter is fully installed; the commissioning program is being completed. We report below selected commissioning results obtained using the LED and Cs-based monitoring studies and cosmic rays data, and aimed at further detector understanding, time alignment, and measuring efficiency and noise level of the completed calorimeter system.
A horizontally oriented LHCb detector positioned 100 m underground is not ideal for cosmic particles' reconstruction. However, having the collisions postponed until the end of 2009, the LHCb detector is exploiting cosmic particles. More than 1 million calorimeter triggered tracks has been collected. In order to obtain measurable signal from MIP, calorimeter detector gain was increased similar to the precalibration measurements. The transverse projection of the typical cosmic particle track reconstructed in the calorimeter is shown in Fig. 7(a) , and a very rare track fully contained in the thin SPD is shown in Fig. 7(b) . The sample of the reconstructed MIP tracks is used to commission the calorimeter detectors, and also large surface tracking detectors [ Fig. 7(c) ], to verify efficiencies and time alignment.
Time alignment between different channels of a given calorimeter detector and between the calorimeter detectors, and minimizing the spillover effect, was achieved by reading out consecutive 25 ns samplings. Different signal and LED paths made necessary also the time adjustment between different calorimeter detectors. Most sensitive for a channel-to-channel alignment and for the spillover optimization was proven to be a comparison between amplitudes from the two subsequent samplings when the timing is shifted by 12.5 ns with respect to the best guess initial setting in order to probe the region with highest possible signal derivative. For the time alignment between the two different detectors, time difference was plotted versus the estimated flight path between the detectors. For the perfect alignment, the distribution line, smeared by the detector cell sizes and estimate of the MIP signal collection, points to zero. With the collected cosmic rays sample, the time alignment of 2 ns is achieved between the ECAL and HCAL. Applying the same technique on the particles from collisions is expected to yield alignment of better than 1 ns on the bases of a few 10 events, which corresponds to a few seconds of the routine LHCb operation.
The LHCb recorded events from the two LHC sector tests with the beam dumped on the injection line beam stopper about 340 m downstream the LHCb detector. These induced highmuon-flux events were triggered by the SPD, which also served for the LHC synchronization test triggering. About 700 tracks reconstructed in the LHCb silicon vertex locator per sector test served for the spatial alignment of all the LHCb tracking detectors. For the LHC restart period, these tests can be used for further calorimeter time alignment.
Detailed measurements and simulation studies were performed to determine the expected degradation of the calorimeter resolution due to radiation damage of the optical components. Given the most stringent requirements imposed primarily by the physics measurements' relying on the and energy determination, and the most severe radiation conditions, the ECAL radiation-induced performance degradation studies provide a critical test of the calorimeter radiation resistance. The expected annual 2 radiation dose accumulated in the calorimeter detectors reaches its maximum of 250 krad for the shower maximum position of the innermost ECAL cell, with about equal contributions from electromagnetic and hadronic components at the shower maximum (Fig. 8) .The dose exponentially decreases with the distance from the beam axis, and therefore the optical components for the ECAL inner type cells most subjected to the high-dose values have been studied. Selected results on the expected radiation-induced ECAL performance degradation are reported below. The ECAL scintillator tiles and WLS fibers were irradiated at the 1.8 GeV energy ITEP proton beam, with a dose rate of 28 rad/s and a total 1 Mrad accumulated dose. After irradiation, light yield of the tiles was measured with the Sr source at 20 positions over the tile surface and then averaged. Reference tile measurements were used for normalization. After about 60 h of annealing process, the light yield reached a plateau at a 80% value from the initial light yield of the tile. The effect of brightness and transparency degradation of the fibers was studied separately and distinguished via fit, where is the light yield, is the distance from the PMT to the tile moved along the fiber and excited with the Sr source, and and are the extracted brightness and transparency coefficients. Reference fiber was used for normalization. After the 1 Mrad dose irradiation, annealing time of about 100 h was observed with plateau values of 88% and 75% from the initial and values correspondingly.
Artificial stack of mm Pb mm Sc was used to emulate expected shower shape with 500 MeV electrons irradiation at the LEP Injector Linac (LIL) facility at CERN. Total accumulated dose was 5 Mrad and the dose rate 10 rad/s. The real stack was then assembled combining irradiated components, fibers, or tiles, with nonirradiated components, tile, or fibers correspondingly, and scanned longitudinally with the Sr source. Fit with the function yields for the tiles Mrad, whereas annealing is essentially completed by 55 h after the end of irradiation [ Fig. 9(a) ]. From the fit for the fiber attenuation length, Mrad, with annealing observed until 175 h after the end of irradiation [ Fig. 9(b)] . These results were then used as an input for the Monte Carlo simulation. The simulation shown the module light yield to degrade by about 30% after 2.5 Mrad dose, corresponding to a ten years of LHCb operation. However, the ECAL energy resolution is not limited by photostatistics, and the expected induced constant term degradation of 1.5% is caused by longitudinal fluctuations and achieved at the dose of 2 Mrad [ Fig. 9(c) ]. Therefore, and taking into account simulation uncertainty, the ECAL design allows a possibility of replacement of 48 modules most close to the beam pipe. Also, a set of passive dose monitors is installed over the calorimeter surface in order to follow the actual map of accumulated dose. The dose monitors' readout is foreseen once per year during the long shutdown.
The recently emerged idea of the LHCb upgrade after five years of the experiment routine data taking with a nominal luminosity of 2 10 cm s assumes an increase of the luminosity by a factor of ten to 2 10 cm s with multiple interactions per beam crossing 3 and collect integrated luminosity of 100
. The strategy of the LHCb upgrade is to maintain at least the original performance for LHCb while improving trigger efficiency for hadronic modes. The physics goal is to perform precision studies of the selected rare channels constraining the Unitarity Triangle, the studies of the CP parity violation, and flavor changing neutral currents. The main challenge of the LHCb upgrade is the L0 trigger output rate, requiring implementation of the whole trigger chain in the CPU farm.
Calorimeter-related challenges comprise the front-end electronics modification, potential performance degradation of the containing decay modes due to increased pileup, and, particularly, radiation resistance of the inner ECAL detector under a 10 times increased annual dose. The solution of this latter problem could be to abandon the physics with inner ECAL, or to eventually replace the inner ECAL with different technology, e.g., PbWO crystals profiting from the CMS and PANDA calorimeter developments, or to keep the existing Shashlyk technology but search for new, more radiation-resistant materials.
At present, two further studies are planned. Irradiation of the two inner modules in the LHC tunnel with a dose rate of a 0.05 rad/s, i.e., 0.5 Mrad/year, which is twice as high as the maximum expected dose during the nominal LHCb operation, has the advantages of realistic dose rate and time dependence of the irradiation, and realistic irradiation particles decomposition. Online dose and performance monitoring using the remote longitudinal scan with the radioactive source and module readout are foreseen. In addition, irradiation of the two modules to the dose values of 3 and 7 Mrad at the IHEP proton beam facility is planned.
In summary, the LHCb calorimeter is optimally designed to meet trigger and physics requirements. The system is fully installed and ready for data taking. Calorimeter performance studied with the test beam, radioactive source, and cosmic ray measurements meets the simulation results. Radiation-resistance studies showed the LHCb calorimeter to be fully operational for the lifetime of a nominal LHCb experiment. Understanding of the inner electromagnetic calorimeter for the upgraded LHCb detector is ongoing.
